An analytical formula is developed to represent accurately the photoabsorption cross section of O I for all energies of interest in X-ray spectral modeling.
30
The first inner-shell photoabsorption cross sections of oxygen reported in the literature 31 (Henke et al. 1993; Verner et al. 1993; Verner & Yakovlev 1995) were simple step-function 32 fits to low-resolution solid-state data (Henke et al. 1993) or to theoretical calculations by atomic structure calculations, and astronomically observed X-ray lines. Given a consistent 111 photoabsorption cross section, we then plan to use the same atomic description in two 112 different X-ray spectral modeling codes to render the ISM oxygen K features.
113

Analytical Model Cross Section
114
We attempt to develop an analytical expression for the most reliable photoabsorption 115 cross section possible. We begin with new R-matrix calculations, which are slight 116 improvements over earlier results (Gorczyca & McLaughlin 2000) that were benchmarked 117 favorably to experiment (Stolte et al. 1997) . These results, together with experimental 118 measurements, allow for the most accurate representation of the strong 1s → np resonances 119 below the K edge. At energies far below the K-edge region, where only outer-shell 120 photoionization occurs, we use the formula of Verner et al. (1996) which is a simple fit to 121 the IP results of Reilman & Manson (1979) , and is found to be in excellent agreement with 122 the present R-matrix results. At higher energies, a fit to the tabulated data of Henke et al.
123
(1993) is used; these data are assessed to be the most accurate since important shake-up 124 and shake-off processes are also accounted for (see Section 2.3.1). The resulting total 125 photoabsorption cross section as a function of photon energy E = hν is thus partitioned as 
To illustrate this demarcation, we plot several data sets of the photoabsorption cross section 127 in Fig. 1 , where the three energy regions are all depicted. For energies below ≈ 520 eV,
128
the cross section consists solely of the σ 2s,2p (E) outer-shell photoionization contribution,
129
whereas just below the K-edge region, the strong 1s → np resonance absorption profiles 130 dominate. At higher energies, the cross section is essentially due to direct 1s → ǫp 131 photoionization and accompanying photoionization-excitation and double photoionization
132
(which the present 1s-photoionization R-matrix calculations do not include as discussed 
is therefore adopted, where x = E/E 0 − y 0 , y = x 2 + y 2 1 , and the fitting parameters σ 0 , E 0 , 139 y a , p, y w , y 0 , and y 1 are listed in Table 1 . The fit is seen in Fig. 1 196 their Fig. 8 ).
197
The effect of relaxation can also be seen by comparing the present R-matrix cross
198
section with one where relaxation is not taken into account (Fig. 2) . The present, final 
208
However, as also seen in Fig. 2 The formula to fit the single-resonance photoabsorption cross section-parameterized 258 by an absorption oscillator strength f , a resonance position E r , and a width Γ-is given by
259
(see Bethe & Salpeter 1957, Eq. 71.19 )
where the oscillator strength per unit energy for an isolated resonance takes the form
i.e. it is equal to the discrete oscillator strength f times an energy-normalized Lorentzian
Therefore, the photoabsorption profile can be characterized as
with 264 β = πk e e 2 h mc = 109.7626 Mb eV .
For an entire Rydberg series-characterized for each member by a principal quantum 265 number n, resonance positions E n , width Γ (n-independent for inner-shell spectator Auger 266 decay), and the oscillator strengths f n -can be parameterized by a quantum defect µ, a
267
threshold energy E th , and an n-independent "strength" f 0 :
where E au = 27.211 eV. Noteworthily, this discrete expression carries over to an analytic 269 above-threshold cross section
which must be considered when developing a consistent, continuous formulation through 271 threshold.
272
The above formula, based on quantum defect theoretical considerations, is precise as 273 n → ∞ but deficient for the lower resonances (n = 2, 3). The lowest members are more 274 appropriately modeled by using separate (energy-dependent) quantum defects and oscillator 275 strengths.
276
For multiple Rydberg series, if the interaction between them is neglected, the 277 contribution from each series can be considered separately. We apply this approach to the two dominant photoabsorption series in oxygen, namely 1s2s 2 2p 4 ( 4 P )np and 279 1s2s 2 2p 4 ( 2 P )np (labeled, respectively, by the indices i s = 1 and i s = 2), giving a two-series 280 resonance cross section parameterized as
The last term ensures that, since the below-threshold contribution has effectively been
282
Auger broadened, i.e. convoluted with a Lorentzian of width Γ within each resonance 283 interval of energy region ∆E ∼ E au /(n − µ) 3 , the step function due to the above-threshold 284 continuum photoionization is likewise convoluted near threshold: 
Of particular note in our R-matrix calculations is that the oscillator strength (cross 290 section) is found to be partitioned into the two dominant series by the fractions of 3/5 291 and 2/5 for the 1s2s 2 2p 4 ( 4 P )np and 1s2s 2 2p 4 ( 2 P )np series, respectively, instead of the 292 statistical weighting of 2/3 and 1/3, due to channel coupling in the threshold region. As a 293 result, the net oscillator strength density above threshold, which we find to be f 0,∞ = 0.132, Our strategy is first to fit this expression to our present R-matrix results to get a good 296 representation of the oscillator strengths and quantum defects, using the threshold energies 297 and widths from the R-matrix runs. Then, the threshold energies are slightly adjusted and 298 the analytical (Lorentzian) fit is further convoluted with the experimental (Gaussian) width 299 to obtain a good fit to the experimental resonance spectrum. But first a brief digression to 300 address resonance energy positions. 
313
Observational specifications for the seven low-mass X-ray binaries used in this analysis 314 are listed in 
Resonance Energy Positions from Laboratory Measurements
360
We now consider the laboratory data for atomic oxygen. In Fig. 5 By fitting the expression in Eq. 11 to the R-matrix results, we obtain the parameters 405 that are listed in Table 1 . However, our initial fit used-in addition to the same widths series by these amounts. Furthermore, in order to obtain the most meaningful comparison,
416
it was necessary to convolute the fitting expression with a Gaussian of 182 meV FWHM 417 to simulate the experimental resolution. Finally, it was necessary to upscale the n = 2 418 oscillator strength to match the more reliable MCHF value of 0.097 (see Table 5 ); the 419 R-matrix n = 2 oscillator strength was scaled down by a factor of 0.80 from the n → ∞ away from resonance. On resonance, the signal is so strong and predominantly atomic in nature that the small molecular admixture would not affect the oscillator strength as much.
440
Comparison to Other Models
441
The three data sets of X-ray absorption currently used in spectral modeling calculations. However, the resonance oscillator strengths and the above-threshold cross 451 section are higher, and this was explained in Section 2.3.1 as being due to pseudo-resonance 452 contamination present in the earlier R-matrix calculations. Furthermore, the earlier 453 R-matrix results show a minor discontinuity at the low-energy tail of the 1s2s 2 2p 4 ( 4 P )3p 454 resonance (E ≈ 538 eV) due to the sudden turn off of spectator Auger damping which, as 455 discussed in Section 2.3.1, we alleviate in the present study.
456
The R-matrix results in xstar by García et al. (2005) are seen in Fig. 6 to be even 457 higher than the present fit, regarding both the resonance oscillator strengths and the 458 above-threshold cross section, and this is believed to be due to an insufficient treatment of 
Summary of Fitting Formula
475
The final expression for the photoabsorption cross section consists of the sum of the 476 cross sections in Eq. 1, where σ 2s,2p (E), σ res 1s (E) and σ direct 1s
(E) are given by Eqs. 2, 11, 477 and 13, respectively, and the required fitting parameters are listed in Table 1 . This final 478 expression has several desirable features which we would like to reinforce.
479
• It is an analytical formula easily transportable between different platforms 480 and modeling codes; in fact, the Fortran routine used to generate a numerical 481 photoabsorption cross section for all energies involves only about one hundred lines of 482 code.
483
• The formulation contains adjustable fitting parameters to best represent: (1) the K-edge positions; (2) the n → ∞ energy-independent quantum defects and oscillator strengths; and (3) the energy-dependent quantum defects and oscillator strengths for the lower two resonances. From this fit, all relevant atomic parameters can be read off; for instance, the strongest 1s → 2p oscillator strength can be computed from our fit as
and the integrated resonance strength is therefore given by βf = 10.65 Mb-eV.
484
Further modifications to these parameters can be made if so desired.
485
• The energy spectrum is optimized on the resonance positions determined from a 486 combined experimental and observational assessment.
487
• A constant-resonance-width cross section-a Lorentzian profile that is predicted 488 on physical grounds due to spectator Auger broadening-is implicitly included in 489 the final expression, and can be further modified analytically to include additional 490 broadening effects.
491
• A consistent threshold formulation is obtained in that the lim n→∞ f n series limit for 492 the (scaled) oscillator strength joins analytically and smoothly to the above-threshold 493 oscillator strength density df /dE.
494
• The consistent above-threshold cross section has the important factor of 0.80 reduction 495 due to relaxation effects, and is then extended to higher energies to include the 496 shake-up and shake-off processes, which result in photoionization-excitation and 497 double photoionization contributions to account for the 20% difference, and giving
498
the correct E → ∞ high-energy asymptote, i.e. an accurate "shoulder". 
Conclusion
500
We have developed an analytical expression that encapsulates all of the important 501 physics in X-ray absorption of atomic oxygen at all photon energies relevant to spectral the results when using pseudoorbitals but not using the pseudoresonance elimination method (Gorczyca et al. 1995) , giving large, unphysical features which permeate the threshold region and below. The two green curves show the IP asymptote and that reduced by 80% due to relaxation effects. The blue curve in the lower plot shows the results when including the additional 1s2s 2 2p 3 3p and 1s2s2p 4 3s target pseudostates to give an approximate representation of the photoionization-excitation and double photoionization channels, while eliminating all additional pseudoresonances that are not associated with these pseudochannels. (1996) and Stolte et al. (1997) . Caldwell et al. (1994) 527.20 ± 0.30 Menzel et al. (1996) 527.85 ± 0.10 541.27 ± 0.15 13.41 ± 0.25 MCHF calculations:
(n max = 6) 527.49 Table 5 . MCHF data for 1s 2 2s 2 2p 4 ( 3 P ) → 1s2s
